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Summary
The presence of Kink-turns (Kt) at key functional sites
in the ribosome (e.g., A-site finger and L7/L12 stalk)
suggests that some Kink-turns can confer flexibility
on RNA protuberances that regulate the traversal of
tRNAs during translocation. Explicit solvent molecu-
lar dynamics demonstrates that Kink-turns can act
as flexible molecular elbows. Kink-turns are associ-
ated with a unique network of long-residency static
and dynamical hydration sites that is intimately in-
volved in modulating their conformational dynamics.
An implicit solvent conformational search confirms
the flexibility of Kink-turns around their X-ray geome-
tries and identifies a second low-energy region with
open structures that could correspond to Kink-turn
geometries seen in solution experiments. An extended
simulation of Kt-42 with the factor binding site (helices
43 and 44) shows that the local Kt-42 elbow-like motion
fully propagates beyond the Kink-turn, and that there
is no other comparably flexible site in this rRNA re-
gion. Kink-turns could mediate large-scale adjust-
ments of distant RNA segments.
Introduction
High-resolution X-ray structures of ribosomal subunits
(Ban et al., 2000; Wimberly et al., 2000) revealed that
rRNAs form intricate shapes and architectures, com-
prising single-stranded loops, double-stranded helices,
and noncanonical RNA motifs. RNA motifs are recurrent
*Correspondence: sponer@ncbr.chemi.muni.cz (J.S.); m.zacharias@
iu-bremen.de (M.Z.)structural segments consisting of mostly conserved
non-Watson-Crick regions (Leontis and Westhof, 2003).
Kink-turn (Kt) is an RNA motif with a sharp bend of the
phosphodiester backbone (w120º) that leads to a ‘‘V’’–
shaped, 3D architecture (Klein et al., 2001). It is com-
posed of a canonical Watson-Crick helix (C-stem), an in-
ternal loop (Kink) with nominally unpaired bases, and
a noncanonical helix (NC-stem). The NC-stem usually
starts with 2–3 tandem Hoogsteen (H)/Sugar edge
(S.E.) A/G base pairs; the first adenine is universally con-
served. The Kink thus forms the tip of a ‘‘V,’’ and the
C- and NC-stems are attached as arms. The contact
between stems is mediated by A-minor interactions
(Nissen et al., 2001), involving the A/G base pairs of
the NC-stem (Figure 1A) (Ban et al., 2000; Hamma and
Ferre-D’Amare, 2004; Harms et al., 2001; Moore et al.,
2004; Wimberly et al., 2000).
There are multiple Kink-turns interdispersed in ribo-
somal subunits. Most of them are tightly associated
with ribosomal proteins. They mediate the interaction
with nearby RNAs and may play a significant role in pro-
tein-assisted RNA folding (Turner et al., 2005). Other
Kink-turns are localized close to important sites directly
involved in the protein synthesis cycle. These could be
implicated in functionally significant motions during
ribosome dynamics. Kink-turns may simultaneously
play additional structural and dynamic roles that have
yet to be established (such as formation of the intersub-
unit bridges; e.g., Kt-58 contacts helix 34 of 23 S rRNA
and together with ribosomal protein S15 and helix 20
of 16 S rRNA forms the intersubunit bridge B4, Yusupov
et al., 2001). Conservation patterns and isostericity prin-
ciples of Kink-turns were recently analyzed in detail
(Lescoute et al., 2005).
Isolated Kink-turns are flexible molecules (Goody
et al., 2004; Matsumura et al., 2003). Solution experi-
ments (Goody et al., 2004) showed large conformational
changes of the Kink-turn (Kt-7) as well as a transition
from a kinked (X-ray-like) to an open (extended) form.
This dynamic conformational switch is dimorphic and
ion dependent.
Modern computational techniques for simulating dy-
namics of biopolymers are capable of complementing
the experimental techniques. Current molecular dynam-
ics (MD) simulations are still affected by imperfections
of the force field and are limited to the nanosecond
timescale. Nevertheless, properly executed simulations
can provide qualitative information about the structure
and dynamics of RNA molecules that cannot be obtained
by other techniques (Auffinger and Westhof, 1998, 2000;
Cheatham, 2004; Csaszar et al., 2001; Li et al., 2003; Mu
and Stock, 2006; Reblova et al., 2003a, 2003b, 2004;
Sanbonmatsu and Joseph, 2003). Our recent MD simula-
tions of isolated Kt-38, Kt-42, Kt-58, and Kt-U4 show
considerable flexibility of these motifs on the nanosec-
ond timescale (Razga et al., 2004, 2005). Their dynamics
can be considered as motion of two rigid helical stems
(C-stem and NC-stem) controlled by a flexible internal
loop (Kink). Interestingly, despite the pronounced dy-
namics, key tertiary interactions remained entirely stable
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flexible molecular hinges sampling, on the nanosecond
timescale, very wide conformational substates around
their ribosomal X-ray geometries. The hinge-like motion
(opening and closing) of Kink-turns is coupled either with
local dynamics (water insertion) of the A-minor interac-
tion between the stems, or with local motions of the nom-
inally unpaired bases (Razga et al., 2004, 2005). Two
complementary computational studies carried out on
isolated Kt-U4 and its complex with a 15.5 kDa protein
(Vidovic et al., 2000) confirm the dynamical flexibility
of these motifs (Cojocaru et al., 2005a, 2005b). X-ray
crystallography, solution experiments, and simulations
provide complementary views on the structure and dy-
namics of the Kink-turns. The nanosecond timescale
Figure 1. Simulated RNA Motifs
(A) Kt-42: an A-minor interaction (gray) between the C-stem and
NC-stem stabilizes the ‘‘V’’-shaped architecture.
(B) Schematic representation of base pairing of the simulated Kink-
turn motifs; nomenclature proposed by Leontis et al. (2002) is used.
(C) Secondary structure of the factor binding site with Kt-42 (Kt-
42+FBS). The simulation times were 43 ns, 37 ns, 33 ns, 74 ns, and
31 ns for Kt-38, Kt-42, Kt-58, Kt-U4, and Kt-42+FBS, respectively.simulations allow us to study intrinsic dynamics of the
Kink-turns in X-ray-like geometries in the absence of
the adjacent ribosomal segments but also without any
substantial unfolding. The intrinsic mechanical proper-
ties of free Kink-turns highlighted in the simulations
help us to understand their interactions with other mole-
cules, including the mutual structural adaptations when
forming larger biomolecular complexes.
Here, we present a substantial extension of computa-
tional Kink-turn studies. We carry out simulation of Kt-42
together with factor binding site (FBS). This is the rRNA
portion of the GTPase-associated center (protein L11 is
not included) containing complete helices 43 and 44 di-
rectly linked to the NC-stem of Kt-42. The dynamics of
Kt-42 amazingly propagates with no attenuation to the
entire system, which behaves like a large-scale molecu-
lar elbow. The elbow-like motion entirely dominates in
the simulation, and no other comparably flexible ele-
ment is detected. Thus, Kt-42 is the single salient candi-
date for providing flexibility to the factor binding site
(Ban et al., 2000; Harms et al., 2001; Valle et al., 2003; Yu-
supov et al., 2001). The simulation reveals stochastic os-
cillatory displacements of the factor binding site head
within the range of dozens of Angstroms with respect
to the Kink-turn C-stem of helix 42. The range of motions
in the unrestrained simulation spontaneously sampling
the low free energy basin of the factor binding site
rRNA thus exceeds the range of motions so far reported
in cryo-EM studies (Valle et al., 2003). We further demon-
strate that Kink-turns are associated with an intricate
network of long-residency hydration and cation binding
sites, many of which are directly modulating Kink-turn
dynamics and flexibility. Using an extensive implicit sol-
vent conformational search on the Kt-38 motif, we iden-
tify a distinct new, to our knowledge, set of Kink-turn
structures with significantly larger angles between the
stems. These structures may correspond to the less-
kinked Kink-turn geometries detected in solution exper-
iments. Additional free energy calculations reveal that
changes in stacking coupled with a hinge-like conforma-
tional transition in some simulated Kink-turns are asso-
ciated with only negligible free energy improvement.
Thus, even these Kink-turns (showing permanent con-
formational transition in simulations) should be classi-
fied as flexible elements with a wide range of essentially
isoenergetic geometries. Control simulations carried out
in the presence of Mg2+ and K+ demonstrate that the ion
conditions do not affect the flexibility of Kink-turns
(around the X-ray geometries), i.e., the elbow-like nature
of Kink-turn motions originates entirely in the intrinsic
properties of this RNA motif. We also contrast the ob-
served Kink-turn motions with dynamics seen in analo-
gous simulations of several other rRNA elements to illus-
trate the uniqueness of the Kink-turn motions. All of the
data provide a strong indication that some Kink-turns
act as flexible rRNA modules capable of mediating
large-scale motions with no free energy cost.
Results
Hydration and Cation Binding of Kt-38 and Kt-42
The dynamics of both Kink-turns can be described as
a reversible hinge-like oscillation involving two rigid
stems and pivoting around the apical Kink region (see
RNA Kink-Turn Motifs
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teraction between C- and NC-Stems of Kt-38
and Kt-42
(A–C) Adenine (NC-stem) interacts with the
C = G base pair (C-stem). (A) Closed substate:
direct H bonds mediate the interaction be-
tween the helical stems. (B) Open substate:
a single water molecule bridges the interact-
ing C/A nucleotides. (C) Fully open substate:
insertion of two water molecules.below and Razga et al., 2004). The overall open/closed
dynamics is coupled with the local open/closed dynam-
ics of the second A-minor interaction between the stems
(Figure 1A). The dynamics of the second A-minor inter-
action involves a key hydration site (Figure 2) (Razga
et al., 2005) in which a long-residency water molecule
is present in the open conformation (Figure 2B). In the
absence of the water molecule, the Kink-turns adopt
the closed conformation (Figure 2A). The water molecule
bridges C1026(O2) and A1032(O20) in Kt-38 and
C1147(O2) and A1152(O20) in Kt-42 with binding times
ofw2 ns. Detailed analysis of the bimodal hinge-like mo-
tion related to second A-minor dynamics was described
earlier (Razga et al., 2005).
Besides this, Kt-38 comprises additional hydration
sites occupied by long-residency waters. Some hydra-
tion sites stabilize local contacts, such as between
A1032(O2P) and G1031(O20), with a water binding time
of up to 7.4 ns (Table 1). Other hydration sites stabilize
tertiary interactions. For example, a water molecule
bridges A1032(N6), G938(N3), and A939(N7) with a max-
imal binding time of up to 5.0 ns, and substitutes for one
of the H bonds in this trans H/S.E. base pair. Another
hydration site involves G1031(O1P), U1028(O1P), and
U1029(O20) and has individual binding times of up
to 3.9 ns. The cis bifurcated C937/C1033 base pair
shows water bridges between C937(N4), A1032(O2P),
and C1033(N4) (7.4 ns) and between C937(O2) and
C1033(N3) (4.8 ns). Additional water bridges in-
volve A1032(O2P)-G1034(O6), U1029(O20)-G1031(O1P)-
U1028(O1P), and C1033(O2P)-G1034(N7), and these
bridges have binding times from 3.9 to 6.1 ns (Table 1).
There are also many other hydration locations with wa-
ter binding times in the common range ofw0.05–0.3 ns.
The Kt-38 simulation reveals significant monovalent
cation binding sites often competing with or comple-
menting tightly bound waters. All Na+ binding events
listed in the present paper indicate direct inner-shell
binding to a given group (see Experimental Procedures).
Monovalent Na+ ions enter their binding sites during the
production phase of the simulation and show multiple
exchange events (Table 2). For example, there is a cation
binding site involving C937(O2), C1033(O2), and
C1033(N3) that is visited by six different cations with
binding times of 0.9–7.4 ns. When a cation binds here
it coordinates one of the long-residing water molecules
described above. Binding of the cation causes a minor
shift in the position of that water molecule. Moreover,
the water appears to be bound more firmly than the cat-
ion. Thus, the water mostly remains RNA bound when
the cation is released. Another cation binding site
(39% occupancy) is localized at G1031(O2P), involves
long-residing water interacting with G1031(O1P), andis visited by 12 different Na+ cations. An additional Na+
binding site involves G1034(N7), which for 12% of the
time includes a more complex binding to C1033(O2P),
with an individual binding time of up to 4.7 ns. It com-
petes with one of the hydration sites described above.
For some other sites, see Table 2. Hydration and cation
binding of Kt-42 are similarly complex, and their de-
scriptions can be found in Supplemental Data (see Ta-
bles S1 and S2 available with this article online).
Hydration and Cation Binding of Kt-58 and Kt-U4
Kt-58 and Kt-U4 simulations show a similar elbow-like
motion between the two stems, pivoting around the
Kink. However, in contrast to Kt-38 and Kt-42
Table 1. Main Hydration Sites in Simulated Kink-Turns
Residue (Atom)
Maximal
Binding
Times (ns)
Classification
of Site
Kt-38
A1032(O2P), G1031(O20) 7.4 Stem backbone
A1032(N6), G938(N3), A939(N7) 5.0 Water-inserted BP
A1032(O20), C1026(O2) 2.1 Interstem bridge
G1031(O1P), U1028(O1P),
U1029(O20)
3.9 Kink backbone
C937(N4), A1032(O2P), C1033(N4) 7.4 Major groove
C937(O2), C1033(N3) 4.8 Water-inserted BP
A1032(O2P), G1034(O6) 5.4 Major groove
U1029(O20), G1031(O1P),
U1028(O1P)
1.0 Kink backbone
C1033(O2P), G1034(N7) 6.1 Major groove
Kt-58
First Substate (0–4 ns)
A1606(N3), A1606(O20), C1593(O20) 3.7 Interstem bridge
A1590(O20), A1590(N3), G1592(N2) 3.7 Interstem bridge
A1606(O20), G1601(N3), C1594(O2) 3.7 Interstem bridge
C1602(O2), A1590(N1) 2.0 Interstem bridge
G1608(O6), U1587(N3) 0.8 Water-inserted BP
A1606(N1), G1589(O30) 0.5 Minor groove
C1594(O2), C1594(O20) 0.5 Minor groove
G1588(N1), G1588(N2), A1606(O2P) 0.3 Base backbone
Second Substate (6–33 ns)
G1592(N2), A1606(N3), A1606(O20) 3.3 Interstem bridge
A1591(N1), A1590(N1) 3.2 Interstem bridge
A1591(N1), A1603(N3) 3.5 Water-inserted BP
G1592(O20), A1590(O20),
A1591(O30)
3.2 Interstem bridge
C1593(O2), A1607(O1P), G1601(N2) 3.7 Interstem bridge
A1607(O2P), G1588(N2),
A1606(O50)
2.8 Major groove
G1588(N7), G1588(O6), G1589(N1) 1.5 Major groove
U1587(N3), G1608(O6) 1.5 GU major groove
C1593(O2) 5.5 Minor groove
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motions are associated with local movements of nomi-
nally unpaired bases, namely, a change in stacking of
A1591 (Kt-58) and A30 (Kt-U4) (Razga et al., 2004, 2005).
The initial and final states of Kt-58 are associated with
a network of highly ordered water and cation binding
sites (Table 1). The simulation can be divided into three
parts: the initial closed conformation (0–4 ns), the transi-
tion (4–6 ns), and the final open conformation (6–33 ns).
In the closed conformation, several water molecules
with binding times of up to 4 ns (i.e., single water mole-
cule bound during the lifetime of this substate) are ob-
served. Water molecules stabilize the interhelical pack-
ing between the C-stem and the NC-stem (Figure S2A).
The first hydration pocket involves atoms A1606(N3),
A1606(O20), and C1593(O2’), the second pocket involves
atoms A1590(O20), A1590(N3), and G1592(N2), while the
third one is defined by atoms C1594(O2), G1601(N3),
and A1606 (O20). All are occupied by a single water mol-
ecule until the structural change, at which time the wa-
ters are released in the initial stages of the transition to
the second substate. Importantly, these three long-res-
Table 2. Main Inner-Shell Cation Binding Sites in Simulated Kink-
Turns
Residue (Atom)
Occupancy
(%)
Number
of Visiting
Na+
Max.
Binding
Time (ns)
Kt-38
C937(O2), C1033(O2),
C1033(N3)
32 6 7.4
U1029(O2P), G1031(O6),
U1029(O50)
8 9 1.8
G1031(O2P) 39 12 5.8
G1034(N7) 32 12 6.6
G1034(N7), C1033 (O2P) 12 7 4.7
U1030(O2P) 19 11 3.4
G1031(N7) 16 10 2.4
G938(O6) 14 9 3.1
U1028(O2P) 29 15 4.3
G1034(O6), A1032(O2P),
A1032(O1P)
24 14 2.4
Kt-58
First Substate (0–4 ns)
A1603(N3), A1603(O40),
A1590(N1)
90 1 3.6
A1606(O30), A1606(O20),
A1607(O1P)
90 1 3.6
G1589(O6), G1588(O6),
G1588(N7)
75 4 1.0
Second Substate (6–33 ns)
A1603(N3, O40, O50),
A1590(N1)
53 2 15.6
A1603(N3, O40), C1602(O20),
A1590(N1)
23 1 7.6
G1608(N7), G1608(O6) 29 7 3.7
A1591(O2P), A1590(O2P),
A1603(N7)
26 9 4.6
G1588(O6), G1588(N7),
G1589(O6)
41 13 5.5
A1607(O1P) 29 15 3.7
G1592(O1P) 16 9 1.4
U1587(O4) 22 10 1.2
A1603(N3, O40) 76 2 23.2
A1603(O2P) 48 6 12.7idency sites overlap with three hydration sites observed
in the crystal structure (PDB code: 1JJ2). Additional hy-
dration sites stabilize tertiary contacts between bases
C1602(O2) and A1590(N1) with binding times of up to
2 ns. There also is a characteristic water bridge between
G1608(O6) and U1587(N3) (the wobble pair in the NC-
stem) with a maximal binding time of near 0.8 ns. Weaker
hydration sites are seen between A1606(N1) and
G1589(O30) and between C1594(O2) and C1594(O20).
Some structural hydration is also seen around the apical
hairpin with binding times of up to 0.2 ns. All other hydra-
tion sites are occupied weakly and have binding times of
individual water molecules up to 0.05 ns.
There are two Na+ with an occupancy ofw90% present
in the closed substate. They penetrate to their locations
from the bulk during the first 100 ps. A single Na+ interacts
simultaneously with A1603(N3,O40) and A1590(N1) and
remains there for 3.6 ns. The other binding site com-
prises A1606(O30), A1606(O20), and A1607(O1P) and has
a 3.6 ns binding time (Figure S2A). Four Na+ ions consec-
utively interact with G1589(O6) and G1588(O6, N7) with
an occupancy of w75% and binding times of 0.5–1 ns.
There are some other Na+ positions occupied for less
than 20% of the time. The cations often contact the api-
cal hairpin, but they fluctuate from one position to an-
other with occupancies of less than 10% and binding
times of 0.2 ns or less.
The open substate is firmly established since about
6 ns and is characterized by a new intricate hydration
structure that remains unchanged until the end of the
simulation (Figure S2B). The first hydration site is local-
ized on C1593(O2) with a binding time of up to 5.5 ns.
The A1606(N3), C1593(O20), and A1606(O20) hydration
pocket is replaced by a proximal one involving
G1592(N2), A1606(N3), and A1606(O20) and has maximal
binding times of 3.3 ns. This reflects the downward shift
of the C-stem relative to the NC-stem so that A1606 in-
teracts via a water bridge with G1592 rather than with
C1593. The hydration sites formed by C1594(O2) and
G1601(N3) and between C1602(O2) and A1590(N1) dis-
appear. A new hydration site, A1591(N1), stabilizes the
new position of the A1591 stacking (Razga et al., 2004,
2005) associated with the elbow-like Kt-58 transition.
This water molecule alternates between A1590(N1) and
A1603(N3) with a frequency of 0.3 ns and binding times
of up to 3.5 ns. A new hydration site stabilizes the new
stacking interaction, A1591jG1592, that drives the entire
conformational change. It comprises G1592(O20),
A1590(O20), and A1591(O30) and has binding times of
up to 3.2 ns. A new water-mediated tertiary interaction
is created and bridges C1593(O2), A1607(O1P), and
G1601(N2) with binding times of up to 3.7 ns. This also
reflects the downward shift of the C-stem relative to
the NC-stem. Additional hydration locations occur be-
tween A1607(O2P), G1588(N2), and A1606(O50) with
binding times of w2.8 ns, and between G1588(N7,O6)
and G1589(N1) with binding times of up to 1.5 ns. The
U1587/G1608 base pair is stabilized by a water bridge
between U1587(N3) and G1608(O6) that has binding
times of up to 1.5 ns.
For the open substate (Figure S2B), the single Na+ that
interacts with residues A1603 and A1590 in the first con-
formational substate slightly relocates in the course of
the structural transition. During the reminder of the
RNA Kink-Turn Motifs
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(A) Distribution of conformers from the conformational search on the Kt-38 within (top) 10 kcal/mol, (middle) 15 kcal/mol, and (bottom) 20 kcal/
mol of the lowest-energy structure.
(B) Stereoview of three Kt-38 structures with significantly different opening angles. The lowest-energy structure (heavy atom rmsd ofw1.5 A˚ from
experiment) with kink angle of 108º (top), a structure with a kink angle ofw140º (middle), and a structure with kink angle ofw160º (bottom).
(C) Stereoview of the A-minor motif (top) in the lowest-energy conformer, in a structure with an increased kink angle (middle) and in a structure
with a kink angle ofw140º (bottom); the contact between A1032 and the C1026 = G940 base pair is lost (for a detailed view of the A-minor in-
teraction, see Figure 2).simulation, it occupies two binding sites. The first one in-
volves inner-shell positions A1603(N3,O40,O50) and
A1590(N1) (53% occupancy), and the second one in-
volves A1603(N3,O40), C1602(O20), and A1590(N1)
(23%). Interestingly, this area was visited by just two
fluctuating cations. New cation binding sites also in-
volve A1603(O2P) with an occupancy of 48% and the ex-
change of six cations. Additional data can be found in
Table 2, and the analysis for Kt-U4 is given in Supple-
mental Data (Tables S1 and S2).
Free Energy Analysis of the Stacking Rearrangement
of Kt-U4
In order to get insight into the energy changes associ-
ated with the structural transition, we carried out a free
energy calculation along the trajectory of Kt-U4. The
Kt-U4 transition (44–51 ns) involves a change in A30
stacking and a closure of the Kink-turn angle by ca
10º. The analysis confirms that the transition is associ-
ated with only a marginal free energy change (near 23
kcal/mol). Thus, despite the lack of oscillations in the
simulation, Kt-U4 is characterized by a wide range of al-
most isoenergetic geometries, similar to what is seen
with Kt-42 and Kt-38. Full analysis is presented in Sup-
plemental Data. The calculations were not performed
for Kt-58 for reasons explained in Supplemental Data,but we expect that this Kink-turn has properties similar
to Kt-U4.
Implicit Solvent Conformational Search of Kt-38
To supplement the MD simulations, a conformational
search employing the Jumna program (Lavery et al.,
1995) in combination with an implicit GB continuum sol-
vent model was used for the Kt-38 motif. The orientation
of stems was stochastically modified, and the resulting
structures were energy minimized (see Experimental
Procedures). This procedure covers a broader range of
possible global conformations of the Kink-turn motif;
however, it does so at the cost of a less accurate de-
scription of the surrounding solvent. Nevertheless, the
generated energy-minimized substates result in a kink
angle distribution that closely resembles the distribution
obtained from the MD simulations within a relatively nar-
row energy range of 10 kcal/mol with respect to the low-
est-energy structure (Figure 3A, top). Within a broader
energy range of 15 or 20 kcal/mol (Figure 3A, middle-
bottom), most covered substates are again close to
the range of kink angles found during MD simulations.
In addition, some considerably more open substates
with bend angles larger than 140º were found (Figure 3B).
The more open structures also showed a change in the
overall twist of the two stems, indicating that kink angle
Structure
830Figure 4. Open/Closed Hinge-like Motion of the Factor Binding Site Pivoting at Kt-42
(A) Scheme. The squares represent the centers of mass of the particular elements. The dotted line indicates the closed substate, while the solid
line represents the open substate.
(B) Superimposition of closed (upper black), open (lower black), most open (transparent bottom gray), and most bent (transparent upper gray)
geometries of Kt-42+FBS. The most open and most bent conformations show the maximal amplitudes of the motions during the simulation, while
open and closed states refer to statistically significant oscillations. The C-stems of Kt-42 are superimposed.changes may be coupled to changes in the twist rotation
of the flanking stems (compare the top and middle
panels of Figure 3B). All low-energy substates with
kink angles of around 110º included an intact A-minor in-
teraction compatible with A-minor substates sampled
during the MD simulations (with interesting local varia-
tions, see Figure 3C, top-middle). In contrast, in the
more open substates, the A-minor interaction was dis-
rupted (Figure 3C, bottom). This is compatible with the
notion that the presence of the A-minor motif may con-
trol the opening of the Kink-turn motif. Also, none of
the low-energy substates with a kink angle larger than
130º had an energy within 10 kcal/mol of the lowest-
energy Kt-38 structure, indicating that the A-minor motif
contributes significantly to the stability of the structure.
It should be emphasized that the present conforma-
tional search was restricted to specifically changing
the kink angle without disrupting the flanking stem re-
gions. It is possible that some favorable open substates
could be missed (see Discussion).
K-Turn Dynamics Is Not Affected by the Type of Ion
Used in Simulations
All simulations discussed in this paper are carried out in
the presence of neutralizing Na+, which corresponds to
a cation concentration of w0.2 M. We also carried out
several control simulations in the presence of Mg2+ or
K+. The Kink-turn dynamics and transitions are virtually
unaffected by changes of the ion conditions and thus
stem from the intrinsic properties of the RNA. Full results
can be found in Supplemental Data.
Kt-42 Dynamics Propagates to the Entire Factor
Binding Site
We suggested that Kt-42 may be involved in large-scale
motions at the factor binding site (i.e., the rRNA portion
of the GTPase-associated center [GAC]) (Razga et al.,
2004, 2005). A cryo-EM study shows (Valle et al., 2003)that the conformational change of this region causes
a shift of the L7/L12 stalk (GAC with copies of L7/L12
protein and L10) and thus increases the access to the
50 S A-site. The motion of the L7/L12 stalk is also indi-
cated by a theoretical study with coarse-grained poten-
tial (Trylska et al., 2005).
We carried out explicit solvent MD simulation (31 ns)
of the Kt-42 with factor binding site (Kt-42+FBS). Using
essential dynamics analysis (EDA, see Experimental
Procedures), we identified one large eigenvector with
a corresponding eigenvalue (mode 1) that absolutely
dominates the dynamics. This mode represents 60%
of the overall motion, and the ratio between mode 1
and mode 2 is 5.6:1. This is a striking difference com-
pared to simulations of common NA systems in which
there are usually several leading modes with compara-
ble significance (Orozco et al., 2003).
The first mode represents a clear open/closed hinge-
like motion of the entire factor binding site that pivots at
the Kt-42 (Figure 4). We see the same Kt-42 dynamics as
in the simulation of isolated Kt-42, while the motion fully
propagates to the essentially rigid factor binding site
rRNA. Thus, Kt-42’s hinge-like motion is associated
with the motion of the factor binding site with respect
to the C-stem of the Kt-42 of helix 42. The oscillatory
open/closed dynamics is characterized by histograms
of selected interhelical distances and interhelical angles
(Figure 5).
The distribution of the C1147(O2)-A1152(O20) distance
in the second A-minor interaction in Kt-42 and the corre-
sponding histogram reveal the same dynamical sub-
states as in the simulation of isolated Kt-42 (Razga
et al., 2005). There are two conformations, and they
are directly coupled with the presence (second peak)
or absence (first peak) of the water molecule between
the interacting nucleotides (Figure 5A). The small third
peak corresponds to the fully open conformational sub-
state characterized by accommodation of two water
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(A) Preferred conformations of the second A-minor interaction. The first peak corresponds to direct H bonding between C and A (closed con-
formation). The second peak represents water molecule insertion between C and A (open substate). The small third peak represents geometry
when two waters are inserted (fully open substate). Grayscale indicates the bin width.
(B) The presence of water molecules between the interacting A-minor C and A stabilizes the increased C(P)-A(P) distance between C- and NC-
stems byw1 A˚ (the second peak; open substate) or byw2.3 A˚ (the third peak; fully open substate).
(C) The interhelical angle of Kt-42+FBS rRNA. The first peak represents the internal rearrangement of the factor binding site unrelated to the Kt-42
(see the text). The second broad peak represents the substate with broad distribution of isoenergetic geometries between Kt-42 closed and open
geometries. The small third peak reflects the fully open conformation with two waters (compare to Figure 2). The second and third peaks are
entirely due to dynamics of Kt-42.molecules between the interacting A1152 and C1147.
Such a fully open geometry was also observed in the
simulation of isolated Kt-38 (Razga et al., 2005) (Fig-
ure 2C).
A water molecule is inserted when the distance be-
tween A1152(P) and C1147(P) increases byw1 A˚, which
is sufficient for accommodation of the water molecule
from bulk solvent. Two waters are inserted when the
A1152(P)-C1147(P) distance increases by w2.3 A˚
(Figure 5B).
The interhelical angle between the C- and NC-stems
(see Experimental Procedures) of Kt-42 varies within
the range of w95º–111º, similar to what is seen with
the isolated Kt-42. The dynamical behavior of Kt-42
has dominant influence on the position of the entire fac-
tor binding site with respect to the Kt-42’s C-stem. The
interhelical angle of the entire helix 42-44 fragment
(see Experimental Procedures) and its histogram show
three preferred conformational substates. There is
a peak near 80º, a second substate with broad interhel-
ical angle distribution within the range of w97º–110º,
and a third peak close to 116º (Figure 5C). The first
peak reflects an internal permanent rearrangement ofthe factor binding site above the Kink-turn that occurs
atw5 ns (see below and Figure S3). The second broad
peak corresponds to a range of isoenergetic geometries
between the closed and open states of Kt-42, sampled
in an oscillatory manner. The third small peak represents
the fully open conformation, which has two waters in-
serted in the A-minor motif (Figures 2C, 5A, and 5B).
The conformational substates corresponding to the
second and third peaks are directly coupled with
changes of Kt-42 (Figure 5C) and have dominant occur-
rence during the simulation and nearly identical distribu-
tion of the interhelical angle as for the isolated Kink-turn
42. Clear correlation between the Kt-42 dynamics and
the factor binding site movement is well established
within 5 ns, after the above-noted initial relaxation of
the factor binding site with respect to the starting X-
ray structure (Figures S3 and S4). Thus, the dynamics
localized at Kt-42 is the only substantial motion of the
system (Figure S4).
The initial relaxation of the FBS observed during the
first 5 ns changed the position of the ‘‘head’’ of the factor
binding site (residues 1158–1209) with respect to its ini-
tial (X-ray) position byw25º (Figure S3). This geometric
Structure
832change occurred within the base triples G1158 = C1209/
A1188 and G1159 = C1208/A1189 (both triples form an
A-minor motif) localized at the border between Kt-42’s
NC-stem and helices 43 and 44 (‘‘head’’). The position
of the FBS is stable after that, with only modest fluctua-
tions around its new position. This suggests that there
might be another flexible hinge area in the RNA indepen-
dent of the Kt-42 hinge, and that this new hinge can con-
tribute to the overall motion of the factor binding site. We
assume, however, that, most likely, the initial relaxation
reflects an absence of the adjacent ribosomal elements
not included in the simulations. The X-ray ribosome ge-
ometry may, for example, be affected by protein-assis-
ted induced fit. Some force field imperfectness also can-
not be ruled out, although we consider it less likely,
taking into account the overall good performance of
the force field (Krasovska et al., 2005; Razga et al.,
2005; Reblova et al., 2003a, 2003b, 2004). Further analy-
sis of this transition, which is not related to the Kink-turn,
is beyond the scope of this paper and will be presented
elsewhere. This transition would have to be considered
when correlation with cryo-EM maps is attempted.
In summary, the subtle local dynamics of the A-minor
interaction between the C- and NC-stems of the Kt-42
entirely correlates not only with the internal dynamics
of Kt-42, but also with the dynamics of the entire FBS
RNA with respect to the Kt-42 C-stem (Figure S4). The
observed hinge-like motion (Figure 4) produces changes
of the interhelical angle; difference between the aver-
aged closed and open substates isw20º, while the max-
imal variation is 60º (see Figure 5C). It is seen as the
global oscillation of the factor binding site. The maximal
overall displacement of the factor binding site (also in-
cluding the independent movement of the ‘‘head’’; see
Figure S3) calculated as displacement of U1170(P) from
superimposed most bent (70º) and most open (130º) con-
formations (Figure 5C) is w62 A˚ (Figure 4). The Kt-
42+FBS open/closed dynamics directly coupled with
dynamics of Kt-42 (Figures 4 and 5C) causes oscillations
of the factor binding site byw20–25 A˚.
Discussion and Conclusions
We have analyzed explicit solvent MD simulations of
selected ribosomal Kink-turn motifs (Kt-38, Kt-42, and
Kt-58) and of the Kink-turn of human U4 snRNA (Kt-U4)
to highlight the importance of hydration and cation bind-
ing. The explicit solvent simulations were further com-
plemented by a continuum solvent conformational
search for Kt-38. Finally, we carried out extended simu-
lation of Kt-42 together with the factor binding site
(rRNA portion of GAC) to support the hypothesis that
some Kink-turns facilitate large-scale motions in the
ribosome.
Kink-turn motifs possess striking nanosecond time-
scale flexibility, sharply contrasting other RNAs such
as the 5S rRNA loop E (Reblova et al., 2003b), the Hepa-
titis Delta Virus ribozyme (Krasovska et al., 2005), and
the BWYV frameshifting pseudoknot (Csaszar et al.,
2001), which show no substantial dynamics in similar
simulations (a comparison of essential dynamics of
RNA Kink-turns with other RNA motifs is given in
Figure S5). Flexibility of the Kink-turns may have biolog-
ical significance because small local changes in the con-formation of the Kink-turns could result in large relative
movements of the adjacent helical domains. For exam-
ple, it could be the case of the A-site finger or the factor
binding site (the rRNA portion of the GAC and the L7/L12
stalk). These motions may be modulated by hydration
and ion binding as well as by RNA-RNA and protein-
RNA interactions.
The present study reveals that Kink-turns show per-
haps the most complex set of tightly bound waters ob-
served in RNA simulations thus far. While common hy-
dration sites in nucleic acids have water binding times
on a timescale of 0.05–0.5 ns, tightly bound waters are
bound for several nanoseconds in solution simulations.
Dynamical insertion of a long-residency water molecule
into the A-minor motif mediating the contact between
the C- and NC-stems is involved in the hinge-like dy-
namics of Kt-38 and Kt-42 (Razga et al., 2005). Water
molecules at these sites are present in the open confor-
mation, while direct H bonds characterize the closed
conformation. Let us reiterate that the dynamics is not
caused or driven by the water insertion. We deal with
a stochastic sampling of one very broad free energy re-
gion (nonharmonic, floppy system), and it is not justified
to identify a cause of the motion. Solute geometry
changes, water insertion, and the global elbow-like mo-
tion are all coupled and of equal importance. Different
substates of the Kink-turn can further be accompanied
by a distinct static hydration structure complementing
the non-Watson-Crick and tertiary interactions. It is
especially evident in the case of Kt-58. Its initial (X-ray-
like) substate is associated with tightly bound waters,
and the key hydration sites are in good agreement with
the X-ray hydration sites. The initial structure of hydra-
tion is disrupted during the transition to the final sub-
state, and a new hydration pattern forms within a few
nanoseconds. Specific hydration of Kt-58 is involved in
the stacking change of A1591, which is essential for
the elbow-like overall movement of the entire Kink-
turn. The present work thus provides a striking example
of the specific hydration forming an integral part of nu-
cleic acid structures (Westhof, 1988). MD simulations
represent an important tool by which to analyze the spe-
cific hydration since they are capable of identifying the
long-residency waters and dynamical hydration sites
that cannot be directly inferred from the static picture ob-
tained with X-ray crystallography. Note that when the
Kink-turn conformation is restricted inside the ribosome,
some of the tightly bound waters seen in simulations may
convert into almost permanently bound waters.
The Kink-turns are also associated with high-occu-
pancy monovalent cation binding sites, although the ex-
tent of monovalent cation binding is not as significant as
for some other RNAs (Krasovska et al., 2005; Reblova
et al., 2003a, 2004). It is well established that in solution
experiments, the Kink-turns tend to unfold in the ab-
sence of divalent cations (Goody et al., 2004). However,
such unfolding does not take place in the nanosecond
timescale simulations; thus, the use of monovalent
ions in simulations is justified. In addition, a description
of monovalent ions in simulations is much more realistic
than a description of divalents (see Supplemental Data
for further details). The simulations reveal that tightly
bound waters and monovalent cations often compete
for the same location, and that this is due to a delicate
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cation interactions. This may help us understand why
apparently similar (or identical) cation binding sites
may show an inconsistent picture of cation binding in
some crystal structures (Ennifar et al., 2003).
An Implicit solvent conformational search on Kt-38
also indicates that Kink-turn motifs sample wide confor-
mational space around their X-ray geometries with small
energy penalties. This approach employs a more ap-
proximate solvation model than the explicit solvent MD
simulations, but it allows for sampling of a wider range
of putative Kink-turn structures with larger opening an-
gles. The explicit solvent simulation on the Kt-38 motif
results in a distribution of kink angles between w100º
and 115º (centered around 105º). This is in excellent
agreement with the range of substructures (energy min-
ima) found by using the continuum solvent conforma-
tional search (Figure 3A, top). If one includes energy
minima with energies larger than 10 kcal/mol with re-
spect to the lowest-energy substate, then significantly
more open (unbound) structures are observed (kink an-
gles of 140º–160º). This opening is correlated with the
loss of the A-minor interaction. No ‘‘more open’’ Kink-
turn structures (unbound, with a disrupted A-minor mo-
tif) of lower energy than for the tightly kinked structures
were found. There is experimental evidence that the
Kink-turn motif adopts a more extended (open) confor-
mation in solution (Goody et al., 2004). The more open
unbound structures found by our search could corre-
spond to those with larger kink angles revealed by solu-
tion experiments (Goody et al., 2004). In line with the ex-
periments, the distribution of tightly kinked and more
open structures appears to be bimodal. It is possible
that energetically more favorable open forms have been
overlooked during the conformational search. However,
the formation of a compact Kink-turn structure with sev-
eral close RNA:RNA contacts limits the conformational
space compatible with the folded (tightly kinked) Kink-
turn motif. Thus, open states might be entropically
favored due to larger conformational freedom of the
disrupted A-minor motif and increased space of stem
orientations.
The simulation of the Kt-42 with factor binding site (Kt-
42+FBS) reveals nearly identical dynamical behavior
between the Kink-turn and isolated Kt-42. The overall
open/closed dynamics of Kt-42 is again coupled with
the dynamics of the second A-minor type I interaction
with the water insertion. Essential dynamics reveals
that the motion is dominated by a single mode, which
is described as the elbow-like motion of the entire factor
binding site pivoted at Kt-42. Thus, Kt-42 is able to allow
major displacements of the factor binding site via its
local geometrical changes.
A proper description of the Kink-turns requires con-
sideration of dynamical atomic-resolution details of mo-
lecular interactions, such as the individual waters, H
bonds, and stacks. It thus appears that atomistic resolu-
tion simulations, despite their disadvantages, represent
a promising quantitative tool to complement the exper-
iments and coarse-grained modeling approaches (Tama
et al., 2003). Note that the nonharmonic nature of the
Kink-turn dynamics is likely to limit the applicability of
approaches based on harmonic approximation, such
as the normal mode analysis.Cryo-EM experimental study (Valle et al., 2003) and
theoretical study (Trylska et al., 2005) of ribosomes re-
veals high mobility of the FBS ribosomal region. Also,
X-ray structures of D. radiodurans and T. thermophilus,
in comparison to H. marismortui, indicate movement of
the factor binding site (Ban et al., 2000; Harms et al.,
2001; Yusupov et al., 2001). Our MD results show on
the atomic level of description that relative displace-
ments of factor binding site by dozens of Angstroms
can be achieved by internal dynamics of the adjacent
Kt-42. It is fair to admit that, in rather early stages of
our simulation, we observed a permanent structural
transition outside the Kink-turn that changed the posi-
tion of the head of the factor binding site compared to
the experiments. We nevertheless suggest that it mainly
reflects the absence of additional ribosomal compo-
nents in the simulations and does not affect any of our
conclusions regarding the Kink-turn role. Work is in
progress to create an atomic-resolution model that
would be entirely consistent with the dynamics seen in
experiments.
Experimental Procedures
Starting Structures
The starting geometries (Figures 1B and 1C) of Kt-38, Kt-42, Kt-58,
and Kt-42+FBS (Kt-42 together with the factor binding site, i.e.,
the rRNA portion of the GTPase-associated center) were taken
from the X-ray structure of the 50 S subunit of Haloarcula marismor-
tui (H.m.) with a resolution of 2.4 A˚ (PDB file: 1JJ2) (Ban et al., 2000).
The initial geometry of Kt-U4 was taken from the crystal structure of
the spliceosomal 15.5 kDa protein bound to a U4 snRNA fragment
with PDB code 1E7K (Vidovic et al., 2000).
Kt-38 contains nucleotides 936–941 and 1025–1034 of the 23S
rRNA (H.m. numbering). The Kt-38 motif was simulated as two
strands comprising 22 nucleotides (nt) (Figure 1B). Kt-38 has four
formally unpaired nucleotides in the longer strand (i.e., G1027-
U1030) forming the Kink. The NC-stem comprises two trans H/S.E.
base pairs, A939/G1031 and A1032/G938, followed by a cis Wat-
son-Crick (W.C.) bifurcated base pair, C937/C1033, and the canon-
ical base pair C936 = G1034. The MD simulation confirms that the
noncanonical C937/C1033 pair is water mediated. The Kt-42 motif
was simulated as a double-stranded RNA comprising 38 nt, and
Kt-58 was simulated as a single strand comprising 28 nt (Figure 1B).
In Kt-58, A1606 forms a water-mediated trans S.E. pair with C1593.
The MD simulation shows that this water molecule occupies a long-
residency site (see Results). The simulated Kt-58 RNA fragment also
contains a hairpin loop (bases 1594–1600). The Kt-U4 motif was
simulated as a double-stranded RNA comprising 17 ntd.
Kt-42+FBS contains helices 42, 43, and 44 of Domain II of 23S
rRNA of H.m. It was simulated as a single-stranded RNA molecule
comprising 84 nt corresponding to residue numbers (H.m.) from
1140 to 1223 (Figure 1C). It comprises 20 canonical base pairs, 2
G/U wobble pairs, 12 unpaired nucleotides (three of them are bulged
out: A1150, G1165, and A1174); the remaining base pairs are nonca-
nonical. The system also contains two hairpin loops (residues 1169–
1173 together with 1777 and residues 1197–1202). The structure is
compact and has triple and quadruple base interactions.
Molecular Dynamics Simulations
MD simulations were carried out by using the Sander module of
AMBER-6.0 with the Cornell et al. (1995) force field with a total length
close to 250 ns. The RNA molecules were neutralized (in those sim-
ulations discussed in detail) by Na+ monovalent cations, initially
placed by using the Xleap module of AMBER at the most negative
solute positions. In the simulation of Kt-42+FBS, the counterions
were manually moved away from the solute to improve their sam-
pling and to decrease the probability of the occurrence of kinetically
trapped ions (Rueda et al., 2004). Initial coordinates of ions and more
details are available in Supplemental Data. The following parameters
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mol (Ross and Hardin, 1994). Since inclusion of cations into simula-
tions belongs to one of the most controversial force field issues in
contemporary MD simulations, we prefer to run simulations with
just a neutralizing set of monovalent ions, by using the well tested
parameters for sodium. We also performed control simulations of
Kt-58, Kt-38 in presence of Mg2+ ions, and Kt-42 in the presence
of K+ neutralizing ions. Details, results, and comparisons with
standard Na+ MD are available in Supplemental Data (Figures S6–S8,
Table S3).
Solute molecules were solvated by a water box with periodic
boundary conditions by using TIP3P water molecules. Thus, the
Kt-38-simulated system contained 4413 waters, Kt-42-11,458 wa-
ters, Kt-58-4,687 waters, Kt-U4-3,771 waters, and Kt-42+FBS-
17,593 water molecules. Equilibration was carried out in the follow-
ing way. First, the RNA structures were kept rigid, while only solvent
molecules with counterions were allowed to move. Then, the RNA
structures were allowed to relax. After full solvent relaxation, the
systems were heated gradually from 50 to 300 K. The simulations
were initiated under periodic boundary conditions, and coordinate
snapshots were written to trajectory files after each picosecond. A
2 fs time step was used for all simulations, and the PME (particle
mesh Ewald) method was employed to calculate electrostatic inter-
actions. Trajectories were analyzed by using the Carnal and ptraj
modules of AMBER, and structures were visualized by using the mo-
lecular visualization program VMD (Humphrey et al., 1996). Hydra-
tion and cation distributions were calculated with the ptraj module
of AMBER. Solute-solvent contacts were monitored over the entire
trajectories and analyzed in detail by using the Carnal and ptrajmod-
ules of AMBER. All cation binding sites with occupancies > 5% were
analyzed. A single hydration event is defined as a continuous direct
contact of a water molecule with a given solute atom (or atoms) that
can, however, occasionally be interrupted by picosecond timescale
fluctuations. A single cation binding event is defined as a continuous
direct (inner-shell) contact of the ion with a given solute atom (or
atoms), again disregarding insignificant picosecond timescale fluc-
tuations. Hydration visualization was based on the calculation of
density maps by using the ptraj module of the AMBER software
package. Raw maps were smoothed by the Fast Fourier Trans-
form (FFT) technique with included low-pass filter, whose threshold
was set to 20%. Final density maps were visualized by using the
CHIMERA program (Pettersen et al., 2004).
The Essential Dynamics Analysis (EDA) was performed by using
trjconv, g_covar, and g_anaeig modules of the GROMACS package
(Berendsen et al., 1995). Only phosphorus atoms (P) were included,
because these atoms contain all of the information needed for a rea-
sonable description of global motions. The overall motion is decom-
posed into individual modes, which belong to individual eigenvec-
tors and particular eigenvalues. EDA thus filters the dominant
collective motions (oscillatory dynamics as well as permanent
changes) in the simulation and separates them from uncorrelated
thermal fluctuations.
The interhelical angle between the C- and NC-stems of Kt-42 was
calculated as the angle between the centers of mass of C-stem,
Kink, and NC-stem. The first center (C-stem) of mass was defined
by G1145-C1147 and G1216-U1218 nucleotides. The second center
(Kink) of mass was defined by A1215, C1148, and G1151, and the
third one (NC-stem) was defined by G1211-G1214 and A1152-
C1156 nucleotides. We have further defined an interhelical angle be-
tween the C-stem of Kt-42 and the entire factor binding site. The first
two centers of mass (C-stem, Kink) were identical to those de-
scribed above, while nucleotides G1159-C1209 were used to define
the center of mass of the factor binding site. The displacement of the
factor binding site between two instantaneous structures was calcu-
lated by superimposing the C-stem Kt-42 residues 1140–1146 and
1217–1223.
Histograms of selected interatomic distances, interhelical dis-
tances, and interhelical angles were calculated for the entire time
trace of simulation Kt-42+FBS. The time traces were smoothed
with the adjacent averaging procedure by using an averaging value
of 500 ps to reduce the uninformative fluctuations. Individual histo-
grams were calculated with a bin width of 0.0255–0.1000 A˚ and were
complemented by multi peak nonlinear fitting to obtain basic statis-
tical trends.A conformational search employing a modified version of the
Jumna (Junction Minimization of Nucleic Acids) program (Lavery
et al., 1995) in combination with the Cornell et al. (1995) force field
was performed. The Jumna version (Zacharias, 2001) employs
a Generalized Born (GB) implicit solvation model (Hawkins et al.,
1995; Still et al., 1990). The Jumna program uses a combination of
helicoidal and internal coordinates to describe nucleotide place-
ment and flexibility of a nucleic acid molecule. It is possible to split
the nucleic acid under study into two parts by introducing a kink
that relates two separate helical axis systems associated with the
two parts of the structure (Lavery et al., 1995). Starting from the X-
ray structure of Kt-38, a kink was introduced at the end of the first
helical stem (above base pair C1026 = G940). During the conforma-
tional search, the orientational and translational kink variables were
randomly changed, and the resulting structures were energy mini-
mized in two stages. In the first stage, the helical stem regions flank-
ing the central Kink-turn motif were locked with respect to the local
helical axis. This allows for full flexibility and relaxation of the Kink-
turn motif as a result of the change in the angular orientation of the
flanking helices. At the same time, it allows for overall movements
of the helical stems, but prevents any changes that may disrupt
the flanking helical stems. In the second stage, the structures
were fully flexible and were able to relax to the closest energy min-
imum. Approximately 1000 structures were generated and energy
minimized to very low residual gradients (energy change per step
< 1025 kcal/mol), resulting inw400 distinct energy minima.
Supplemental Data
Supplemental Data including analysis of specific hydration and cat-
ion binding of Kt-42 and Kt-U4, initial distribution of ions in the Kt-
42+FBS simulation, an MM-GBSA free energy estimation of stacking
dynamics in simulation of Kt-U4, a description of control simulations
carried out with Mg2+ and K+, and, finally, a comparison of the flex-
ibility of K-turns with other RNA molecules are available at http://
www.structure.org/cgi/content/full/14/5/825/DC1/.
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